Electronic industries always drive to add more functionalities to the devices. Tunability and compactness have become thrust parameters for the microelectronic researchers. In wireless communication, capacitor and inductor are the most significant reactive components for frequency selection. Out of these two reactive components, inductor occupies significant size of entire chip area. As a result, any circuit containing passive inductor such as voltage-controlled oscillator (VCO), low-noise amplifier (LNA), filter, and power dividers consume wider chip size. To meet the requirement of microelectronics industries, passive components have been replaced with active ones. In this chapter, passive inductor has been substituted with CMOS based active inductor.
Passive Inductor
A passive spiral inductor is an electrical component comprising of coil or wire which is associated with the magnetism and electricity as current passes through the coil. It stores electrical energy in the form of magnetic field. The current passing through the inductor lags inductor voltage by 90°Figure 1 shows the signal flow diagram of passive inductor. Current flowing through the ideal inductor as shown in Figure 1 can be described by the following equation:
Active inductor
The design of tunable and compact RF-integrated circuit is challenging. Although spiral inductor is the common implementation approach in integrated circuits, it is possible to design active circuits [1] [2] [3] [4] [5] . As reported in [6] , active inductor occupies 1-5% of the passive inductor, and the most unique feature is its tunability of inductance. Further, Table 1 demonstrates the basic comparison between active and passive inductors.
Active inductor design methods
Integrated circuits can be designed for specific frequency bands. Design of active inductors is possible for required operating frequency bands. There are two elementary approaches to configure the active inductors.
Operational amplifier-based approach

Gyrator-C-based approach
The former one is based on operational amplifier (op-Amp), and it is widely used at moderate frequencies (up to about 100 MHz). The later one is gyrator-C based, which can be operated from sub-gigahertz to gigahertz frequency range. Apart from that, op-amp-based active inductor circuit occupies large chip area and suffers from nonlinearity. As a counterpart, gyrator-based active inductor consumes small chip area and shows better linearity [6] . In present work, to design active inductor at sub GHz, gyrator-C-based active inductor approach has been considered.
Parameters
Passive inductor Active inductor 
Gyrator
In 1948, scientist of Philips Research Laboratory, Bernard D.H. Tellegen, proposed a new two-port fundamental circuit element. An ideal gyrator is a linear twoport device that couples the current on one port to the voltage on the other port and vice versa. as shown in Figure 2 :
where G presents the gyration conductance. The gyration conductance (G) relates the voltage on the port 2 (v 2 ) to the current in port 1 (i 1 ). The voltage on port 1 (v 1 ) is associated with current in port 2 (i 2 ), as minus shows the direction of conductance. It proves that gyrator is a nonreciprocal device. From the gyration conductance, it is called as gyrator [7] .
From Eqs.
(3) and (4), the ideal gyrator is described by the conductance matrix as shown below,
The impedance matrix is defined by:
The admittance matrix is expressed by:
A generalization of the gyrator is conceivable, in which the forward and backward gyration conductances have different magnitudes, so that the equivalent equations can be written as follows:
The above matrix can be resulted into block diagram as illustrated in Figure 3 .It tells that gyrator comprises of two transconductors: positive transconductor G m1 and negative transconductor G m2 , connected in a closed loop as shown in Figure 4 . The transcoductor-1 shows positive transconductance means output current and input voltage are in phase. Whereas, transconductor-2 depicts negative transconductance means output current and input voltage are 180°phase shifted ( Figure 3 ).
Tellegen noticed that when a capacitor is connected to the secondary terminal (port 2), an inductance is realized at the primary terminal (port 1) of the gyrator, which is entitled as gyrator-C topology as presented in Figure 4 .
Gyrator-C-based active inductor and its working principle
By comparing Eq. (5) with Eq. (2), it clearly tells us that input impedance Z in is directly proportional to frequency, and the impedance seen at port 2 is inductive. This is an important property of the gyrator, which shows equivalent inductor. Subsequently, equivalent inductance can be defined as,
Therefore, gyrator-C network is used to synthesize active inductor. This synthesized inductor is called as gyrator-C active inductor. The inductance of active inductor is proportional to the load capacitance C and inversely proportional to the product of the transconductances of the transconductors.
In practical active inductor circuit, along with the inductance, we do get parasitic components as series resistance R s , parallel resistance R p and parallel capacitance C p . These parasitic RC components ultimately affecting on the performance of active inductor ( Figure 5 ).
Performance parameters of active inductors
In order to define the active inductor circuit, few parameters need to be measured. In this section, we shall discuss about the several active inductor parameters such as inductive range, tunability, quality factor, power consumption, linearity, supply voltage sensitivity and noise. These analyses can be understood when we go through the ac analysis, noise analysis, transient analysis and harmonic analysis.
Inductive tuning range
An ideal gyrator-C-based active inductor shows inductive behaviour over the entire frequency range. But a lossy active inductor exhibits resistive, inductive and capacitive frequency range. The respective range can be analysed by analysing the impedance of equivalent RLC circuit of active inductor. In order to acquire the relation between frequency and magnitude, bode plot has been used. Further to accomplish the bode plot of frequency versus impedance magnitude, 1 A sinusoidal ac current is applied at input port. As a result, the voltage measurement at the same input port results into input impedance. Below mentioned steps are required to derive the tuning inductive range.
1. To derive the inductive band frequency for active inductor, we need to draw the small signal model of the circuit. After that application of Kirchoff's voltage or current law helps to simplify the circuit. The input impedance of equivalent circuit of practical active inductor can be written as shown in Eq. (1).
1. The inductive pole frequency of Z in is given by Figure 5 .
Practical gyrator-C-based inductor (a) block diagram, (b) equivalent circuit diagram.
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where ω 0 is the maximum inductive frequency of the active inductor. Above Eq. (8) tells us that the higher value of inductance and parallel capacitance enhance the value of resonance frequency.
1. The zero frequency can be written as,
Eq. (10) mentions that zero frequency is proportional to series resistance and inversely proportional to inductance.
1. From the zero and pole frequency, the inductive frequency range can be defined as,
Eq. (11) clearly depicts that R s affects the lower range of the inductive frequency range, whereas the upper range of inductive frequency can be set by maximum inductive frequency of the active inductor. In order to achieve maximum inductive range, both the R s and C p should be minimum at given inductance L.
To verify the inductive behaviour, the phase response is equally important.
The entire inductive range impedance phase should be 90°. In other words, voltage should lead the current by 90°.
Higher number of transistors in gyrator active inductor generates the parasitic poles, which increases the phase shift of transistors and reduces the inductive tuning range [7] .
To observe the inductive behaviour through the bode plot, we can apply 1 V ac current to the input node and observe the voltage at output node. Subsequently, frequency response gives the frequency versus impedance magnitude plot, and the phase plot can give the frequency versus phase. Figure 6 shows the bode plot response on Cadence Spectre Spice tool. The inductive frequency can be defined at which the phase is 90°.
Inductance tunability
The active inductor can be tuned by two different ways: 
Quality factor
Spiral inductor contains a small coil resistance in addition to inductance, and hence, it has quite low quality factor. The quality of inductance in coil is defined by quality factor. It is defined as the ratio of reactance of the coil to its series resistance.
For CMOS active inductor, once the input impedance is derived, then quality factor can be defined as,
From Eqs. (7) and (13), quality factor of active inductor can be represented as,
The higher value of quality factor shows the low loss in active inductor. It is a crucial parameter to design active inductor. The higher and sustainable quality factor over the entire inductive frequency range is the challenge for analogintegrated circuit designers. In depicted paper [1] , Widlar current source has been used to enhance the quality factor of inductor and in [2] , it has been used in voltagecontrolled oscillator. CMOS Active Inductor and Its Applications DOI: http://dx.doi.org/10.5772/intechopen.89347
Noise
As active inductor is made up of active components, it suffers from the internal noise. The main noises can be listed as thermal noise, flicker noise and noise due to the distributed substrate used in transistors. Through the equivalent noise model of active inductor circuit, we can analyze it clearly.
Linearity
For ideal active inductor, all the transistors of circuit must be in saturation region over the entire inductive tuning range. But, in practical active inductor circuit, few transistors switch over from saturation to triode region. The transconductance of transistor varies from saturation to triode region. As a result, the inductance value also gets changed, which adds nonlinearity in the active inductor working. Active inductor linearity can be characterized by two different ways, total harmonic distortion (THD) and 1 dB inductance compression L À1dB . THD exhibits the ratio of total unwanted harmonic current to fundamental current when a fundamental ac input signal has been injected into the active inductor. L À1dB can be defined as the input current amplitude has become 1 dB large than its small signal value.
Power consumption
Active components in active inductor consume static power. Less number of transistors in submicron CMOS technology and circuit configuration without body effect are generally used methods to reduce power consumption in active inductor.
Supply voltage sensitivity
The fluctuations in DC supply voltage of active inductor also affect the performance of active inductor. 6. Applications
Active inductor-based voltage-controlled oscillator
The performance of RF front-end mainly relies on the performance of the individual RF blocks. Mostly, in each block, inductor has been used such as in low noise amplifier, filter, matching circuit, voltage-controlled oscillator, power divider, etc. For frequency selection, reactive components as inductor and capacitor play crucial role. Out of these two reactive components, inductor occupies significant size of entire chip area. Figure 8 depicts the active voltage-controlled oscillator where the passive inductor has been replaced with tunable active inductors (TAI). Figure 9 . Active inductor based filter [8] . Figure 10 . Active inductor-based low noise amplifier [9] . 9 CMOS Active Inductor and Its Applications DOI: http://dx.doi.org/10. 5772/intechopen.89347 Generally, voltage-controlled oscillator is tuned using varactor capacitor where the tuning range is limited. Using tunable active inductor, we get more freedom to tune it over wider frequency range. Subsequently, we can operate more standards using a single VCO. Furthermore, it consumes less chip area.
Active inductor-based filter
In [8] , a second-order RF bandpass filter based on active inductor has been implemented in a 0.35 m CMOS process. The operating frequency of the active filter is 900 MHz with the quality factor of 40 ( Figure 9 ).
Active inductor-based low noise amplifier
In [9] , low noise amplifier has been designed using active inductor at the ISM frequency of 2.4 GHz (Figure 10 ).
Conclusions
The designing of active and tunable electronic components is the emerging field of today's microelectronics industry. To facilitate the compact and efficient chips, we must have to use them in our applications like voltage-controlled oscillator, filter and low noise amplifier. Apart from these, inductor has been used in matching circuits, power combiners and power dividers. Moreover, it can be used in input circuits to control the loading effects. In all these applications, passive inductor has been replaced with active inductor, where we can benefit in compactness and tenability. The more other parameters are discussed in chapter.
